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ABSTRACT
Characterization of KNDy Neuronal Activity in Gilts: Distribution and Effect of A
Progestin
Ashley Nicollette Lindo
Puberty is a process that incorporates a large array of both external factors and internal
signals. The endocrinology of puberty has been studied in a number of mammalian species and
typically depends upon an increase in hypothalamic secretion of gonadotropin releasing hormone
(GnRH). Neural inputs regulating GnRH secretion during the pubertal process are not
completely understood. In the past decade, attention has focused on the role for a particular set of
neurons located in the arcuate nucleus (ARC) of the hypothalamus. They have been named
KNDy neurons because they coexpress kisspeptin, neurokinin B (NKB) and dynorphin and have
been shown to stimulate (kisspeptin, NKB) or inhibit (dynorphin) GnRH and luteinizing
hormone (LH) secretion. While KNDy neurons have been studied extensively in primates,
rodents, and sheep, almost nothing is known about this system in porcine, a species of significant
agricultural importance. Our studies describe an initial foray into characterizing this system in
the porcine hypothalamus. We first determined that, similar to other species, kisspeptin was
expressed in the ARC and that NKB and kisspeptin were coexpressed in this region to a very
high extent. We then examined the distribution of receptors for NKB (NK3R) and found them to
be expressed in the preoptic area (POA) and several areas of the hypothalamus, including the
paraventricular nucleus (PVN) and retrochiasmatic area (RCh). However, there was no evidence
of NK3R expression in the ARC. The NK3R-positive cells found in the POA did not co-localize
with GnRH but expressed close contacts with GnRH neurons. We then used gilts that were
ovariectomized (OVX) or OVX and treated with Altrenogest (OVXA), a progestin, to test the
hypothesis that Altrenogest would suppress kisspeptin and NKB immunopositive cell numbers in
the ARC and NK3R-positive cell numbers throughout the hypothalamus. Surprisingly, kisspeptin
containing cell numbers tended to be increased (p = 0.09) in in OVXA gilts (n = 6) compared to
their OVX, untreated counterparts (n = 6). In addition, there was no significant change in NKBpositive cell numbers in response to Altrenogest. Subsequent analysis determined a tendency (p
= 0.08) for a decrease in the percentage of kisspeptin neurons expressing c-Fos, a marker of
neural activation, in OVXA versus OVX gilts. There was no effect of Altrenogest on NK3Rpositive cell numbers in any area. These studies mark one of the first investigations into the
KNDy system in swine. Many of the characteristics examined here are similar to that previously
reported for other mammalian species, with the notable exception of an absence of NK3R
expression within the ARC. Treatment with a progestin did not suppress kisspeptin or NKB
expression but did tend to reduce activity of kisspeptin neurons. These results suggest that,
similar to other species, KNDy neurons likely play an important role in regulating reproduction
in swine.
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CHAPTER I: INTRODUCTION
Puberty is a complex event, the timing of which relies on the interplay of cues from
genetic and environmental factors. There are many hormonal, physiological and physical
changes that rely on the cascade of developmental events that lead to reproductive capacity [1].
Any combination of changes can delay or advance puberty onset and affect the reproductive
development of an individual. In many mammalian species, activation of the hypothalamicpituitary-gonadal axis (HPGx), and more specifically an increase in the pulsatile release of
gonadotropin releasing hormone (GnRH), is key to summoning the onset of puberty. Defining
the neural mechanisms that control GnRH secretion is essential for understanding how puberty,
as well as other reproductive activity, occurs. Thus, the totality of external and internal inputs
must be transduced into information that stimulates an increase in the pulsatile release of GnRH.
This could be due to increases in stimulatory input, decreases in inhibitory input, or more likely
both. One thing that is clear in domestic livestock species (sheep, cattle, pigs) is that estradiol
plays a central role. During the prepubertal period when GnRH and LH secretion is minimal, low
levels of estradiol are produced by the ovaries and act in a negative feedback fashion to inhibit
GnRH release [2]. As the individual grows and develops, estradiol negative feedback lessens
[3], allowing for an increase in pulsatile GnRH, and thus LH, release. This increase in pulsatile
LH secretion, in turn, stimulates further estradiol secretion which escalates over time until
concentrations of estradiol reach levels sufficient to trigger the GnRH and LH surge and first
ovulation [4–6]. Both are crucial for follicular development, ovulation and expression of estrous
or menstrual cycles [7]. Importantly, native GnRH neurons do not express estradiol receptor
alpha (ERα), the relevant estradiol receptor for mediating either positive or negative feedback of
the steroid [8–10], so intermediary neurons must be involved in communicating estradiol
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feedback.
Currently, a group of neurons in the arcuate nucleus (ARC) of the hypothalamus are
believed to play an important role in mediating this estradiol negative feedback. One of the
peptides expressed by these neurons, kisspeptin, was recognized for its importance in
reproduction when mutations of its receptor, GPR54, led to defects in fertility as well as
hypogonadotropic hypogonadism in humans [11,12]. It was subsequently shown that kisspeptin
neurons express ERα and that administration of kisspeptin stimulates LH secretion in virtually
every mammalian species studied to date [13–18]. In 2007, it was observed that ARC kisspeptin
neurons also coexpressed neurokinin B (NKB) and an endogenous opioid peptide (EOP),
dynorphin, leading to the term “KNDy” neurons [19]. Similar to what has been observed for the
kisspeptin receptor, mutations in the receptor for NKB, NK3R, lead to disrupted fertility and
hypogonadotropic hypogonadism in humans [20,21]. Both neuropeptides have been shown to
stimulate GnRH and/or LH secretion in rats [22], primates [23] and sheep [24–26] with the
actions of NKB being kisspeptin- and steroid-dependent [22,27,28]. Given this evidence, KNDy
neurons have been suggested to play an important role in GnRH pulse generation [29,30] with
NKB acting locally by stimulating other KNDy neurons expressing NK3R to release kisspeptin
[22]. Kisspeptin then acts via its receptor, GPR54 (also known as KISS1r), which is expressed
on GnRH neurons, to initiate a pulse of GnRH. To extinguish this pulse, it is hypothesized that
dynorphin acts to terminate NKB/kisspeptin release [29,31]. Although this gives a significant
role to KNDy neurons in gonadotropin release, there is still much to be understood about their
role in reproduction, especially as it concerns species to species variation [32]. While KNDy
neurons have been characterized in several species, including sheep [19], rodents [33], goats
[17], heifers [34] and primates [35], these neurons have been virtually unstudied in pigs.
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The importance for studying reproduction in pigs arises from the fact that pork is the
leading meat consumed around the world and the pork industry is rapidly growing in developing
countries [36,37]. This is in part due to the fact that swine are adaptable to many climates and
can be used as a major food source in different environments [38]. Over time, pork production
systems have moved from outside to indoor facilities to improve nutrition, growth, and
reproduction, which has been aided in large part by technological advancements in pig housing.
The increased control accompanying this form of swine management has led to an increase in
farm size and better production rates. In addition, this more intense approach to management
undoubtedly has positively affected the leading factor in determining pork producer profitability,
the reproductive efficiency of sows [39]. However, gilts raised under total confinement
conditions exhibit a delay in the onset of puberty compared with gilts raised under
nonconfinement conditions [40]. In fact, one-third of gilts are culled from breeding herds due to
a delay in the onset of puberty [41]. Gilts should reach puberty between 200-230 days of age (6-7
months) to minimize the total non-productive days (NPD) while increasing sow longevity and
breeding herd efficiency [41–43].
Improvements in reproductive management and estrus detection have led to increased
sow longevity and lifetime performance. As a result, U.S. farrowing rates increased 14.6% from
2001 to 2012 and pigs per litter steadily increased every year during that period [44]. In pigs, the
efficiency of a breeding herd is directly correlated to the number of litters and litter size
produced by the sow each year [45]. Nevertheless, although the importance of timely
achievement of puberty by gilts is obvious, there is still much to be understood regarding the
neural mechanisms regulating puberty onset and reproductive cyclicity in the pig.
This review will discuss research in the female pig, which we used for our experiments,
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but it will also borrow from findings in sheep, rodents and primates that explore the connection
between KNDy neurons and reproduction.
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CHAPTER II: REVIEW OF LITERATURE
Characterizing Reproduction
HPG Axis
Reproduction is primarily controlled by the principal components of the HPGx. This axis
is critical not only for onset of puberty, but also in regulating estrous and menstrual cycles.
Within this axis, the hypothalamus serves as an integrating center that receives and coalesces
information from gonadal and metabolic hormones to influence secretion of gonadotropin
releasing hormone (GnRH). GnRH then acts on gonadotropes in the anterior pituitary to cause
the release of luteinizing hormone (LH) and follicle stimulating hormone (FSH). These
glycoprotein hormones stimulate gonadal steroid secretion which can have either inhibitory
(estrogen, progesterone) or stimulatory (estrogen) feedback on GnRH release in females. Since
GnRH is critical for reproduction and is the ultimate output from the hypothalamus as regards
reproduction, this review will begin with a discussion of the history and biology of GnRH.

GnRH Neuron Development
In 1948, Geoffrey Harris presented evidence of hypothalamic control over pituitary
secretions and further actions down the axis such as gonadal development and sexual behavior
[46]. He hypothesized that the hypothalamus produced a humoral substance that could travel
through the median eminence (ME) and affect the secretion of gonadotropins. Due to the
development of more advanced technical approaches, this humoral factor was able to be isolated
from both bovine and ovine species 16 years later [47]. The decapeptide was initially called
mammalian GnRH, because of its discovery in mammals, and is now termed GnRH 1 [48].
Gnrh1, Gnrh2, and Gnrh3 are three paralogous GnRH genes that have arisen during
different times of vertebrate evolution [49]. All mammals use Gnrh1 to control reproduction and
5

therefore this will be the gene referenced in this discussion of the functions of its peptide, GnRH.
In mammals, cells containing GnRH are initially found in the nasal placode as early as
embryonic day 10.5 in mice. These cells subsequently migrate to the hypothalamus via the
vomeronasal-terminal nerve complex [50–52]. The residing location of the migrated neurons is
species specific, but in general the result is a scattered continuum of cells from the olfactory bulb
to the mediobasal hypothalamus (MBH) [53]. GnRH neurons are most prominent in the preoptic
area (POA) and organum vasculosum of the lamina terminalis (OVLT) in sexually mature
female pigs [54], sheep [55], and rats [56] while expanding more caudally towards the
mediobasal hypothalamus in primates [57,58]. They are also present in the diagonal band of
Broca, suprachiasmatic nucleus, anterior hypothalamus, MBH, supraoptic nucleus (SON),
periventricular zone and paraventricular nucleus (PVN) and ARC in female pigs [54]. Although
this migration is not seen in ancestral chordates, the movement is critical in some species as its
absence causes infertility or defects in pubertal maturation [59]. The factors influencing GnRH
migration have yet to be fully identified but several candidates are thought to be involved. The
most studied are adhesion molecules, guidance cues, neurotransmitters, GPCRs, growth factors
and transcription factors that modify initial migration and neuronal development along the
vomeronasal nerve. Other candidate proteins are involved in GnRH movement caudally toward
the forebrain, followed by migration further to the hypothalamus and final detachment from their
guides to disperse throughout the hypothalamus [60].
From the hypothalamus, GnRH neurons project their dendrites into the ME and secrete
their peptide through axon nerve terminals that appose the portal vasculature. The peptide travels
through the portal blood to subsequently act on gonadotropes in the anterior pituitary. Due to the
receiving (dendrite) and conducting (axon) nature of these neuronal extensions, they have been
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termed as GnRH “dendrons” [61].
In the event of improper functioning of gonadotropes in the anterior pituitary due to
GnRH deficiency, hypogonadotropic hypogonadism (HH) can occur. HH is characterized by a
decrease in gonadotropin secretion which in turns inhibits the growth of the gonads and
reproductive function. There are two types of HH, isolated (or idiopathic) hypogonadotropic
hypogonadism (IHH) and Kallmann’s syndrome [62]. Symptoms in humans with Kallmann’s
syndrome only differ from IHH by including an impaired sense of smell due to an issue with
olfactory bulb development. Since GnRH neurons develop in the nasal placode and migrate to
the hypothalamus, any issue with olfactory development could inhibit this migration and
ultimately lead to a lack of GnRH secretion [63].

Pattern of GnRH Release
Research originally performed in ovariectomized rhesus monkeys [64] showed that LH
release was episodic. The importance of the pulsatile nature of GnRH secretion to elicit
corresponding LH secretion was demonstrated when continuous GnRH was given to rhesus
monkeys following hypothalamic lesions. Instead of stimulating a constant and/or elevated
release of LH, episodic LH secretion was lost, and mean levels were severely reduced. However,
when GnRH was subsequently administered in a pulsatile fashion, episodic LH secretion was
rescued. This study emphasized the importance of the pulsatile nature of GnRH release in
functioning of the HPG axis [65].
An early debate questioned whether GnRH had a deterministic or permissive role in
ovulation, i.e. would GnRH exhibit a significant surge-like increase or remain unaltered during
the LH surge. Studies that delivered GnRH at a constant rate of one pulse per 60 to 90 minutes in
monkeys with radio-frequency lesions of the ARC still elicited an LH surge and repeated
7

menstrual cycles, supporting the contention that GnRH was simply permissive [66]. However,
evidence from sheep, rodents and rabbits support a deterministic role for GnRH [67]. Clarke and
Cummins [68] pioneered a hypophyseal portal surgery in ewes which allowed for collection of
blood directly from the hypophyseal portal vasculature in the sheep and a direct measure of
GnRH secretion. Using this approach, they demonstrated a very high correlation between GnRH
pulses in portal blood and LH pulses in jugular blood. In parallel, the push-pull perfusion
approach was also being used in rodents, sheep and gilts. This technique involves the placement
of two tubes that are perfectly balanced so that one perfuses and bathes an area of tissue with
fluid while the other removes it at a similar rate. The perfusate can then be collected for
measurement of desired substances such as GnRH. This approach also confirmed a congruency
of pulsatile GnRH and LH secretion [69,70]. Several experiments illustrated GnRH’s
deterministic role in generating the LH surge, and thus ovulation, in sheep. All GnRH pulses
were simultaneous with or preceded an LH pulse [69]. Furthermore, the LH surge during
ovulation was congruent with or followed an abrupt increase in GnRH that lasted past the
duration of LH secretion. Without GnRH secretion, ovulation was blocked [67]. This was
important because it showed the direct deterministic influence of GnRH on LH secretion. Similar
to what was reported in sheep, GnRH receptor antagonists given to pigs prior to the LH surge
inhibited ovulation, thus supporting a deterministic role [71].

GnRH Pulse Generator
GnRH is released in two “modes” of secretion which are each controlled by different
mechanisms [30]. One is termed tonic secretion as it represents a relatively slow and constant
pattern of GnRH release. This pattern is characterized by episodes or “pulses” of GnRH into the
portal vasculature over a period of days to weeks [72,73]. The consistent pulses of GnRH, every
8

1.5 to 2 hours during the follicular phase and every 4 to 8 hours during the luteal phase, induce
corresponding tonic secretion of LH and FSH. The pulse frequency of GnRH also varies with
stage of maturation, photoperiod conditions, or stage of the estrous or menstrual cycle [72,74].
As mentioned above, the pulsatile nature of GnRH release is essential for gonadotropin release
as desensitization occurs during continuous GnRH stimulation [75].
Tonic secretion of GnRH is driven by relatively nebulous mechanisms in the
hypothalamus that have been generally termed the GnRH pulse generator [76]. The activation of
this pulse generator leads to GnRH discharge into the hypophyseal portal vessels where the
peptide can act via its G-coupled protein receptors in the anterior pituitary gland [48,73]. In the
sow, several studies have shown that blocking GnRH secretion from the hypothalamus [77] or
disruption of GnRH movement through the portal vasculature by pituitary stalk transection
decreases LH release by gonadotropes in the pituitary [78,79].
The neurobiology behind the GnRH pulse generator is still not clear. Two possibilities
have been investigated. The first suggests that pulse generation is endogenous to the neurons
themselves while the second introduces an extrinsic oscillator that governs GnRH neurons to
regulate their pulsatility. Originally it was believed that GnRH neurons had a dense reciprocal
network that self-orchestrated their pulsatility. This was demonstrated by an immortalized GnRH
cell line (GT1-7) that continues to episodically secrete GnRH in the absence of other cell types.
Autocrine regulation in GnRH neurons is seen through agonist activation of the Gq and Gs
pathways to increase cyclic AMP (cAMP) and Ca2+ signaling. GnRH antagonists and high
concentrations of GnRH initiate the Gi pathway to decrease these signaling pathways and thus
neuronal firing [80].
However, the more recent discovery of a GPR54 mutation that causes hypogonadotropic
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hypogonadism [11,12] introduced kisspeptin into the mechanism and provided evidence for the
second possibility underlying the pulse generator. GPR54 is found on GnRH neurons and
kisspeptin is a conserved secretagogue of GnRH in many species [48,49]. For example,
kisspeptin-10 increases the peak amplitude and duration of GnRH secretion in GT1-7 cells [80].
Furthermore, pulsatility of GnRH is governed by estradiol negative feedback and causes a
reduction of hypothalamic GnRH secretion as well as direct inhibitory effects on pituitary LH
secretion [81]. Studies using transgenic mice indicate that ERα is the relevant estrogen receptor
in this inhibitory action and that this receptor is expressed in kisspeptin, but not GnRH neurons
[8–10]. Estrogen treatment also leads to decreased numbers of kisspeptin-positive neurons in
sheep [82]. These findings resulted in the suggested existence of a neuronal network that was
extraneous to GnRH neurons, one that involves kisspeptin and orchestrates pulsatile GnRH
secretion.
In 2007, Goodman and coworkers [19] described the co-expression of kisspeptin with
neurokinin B (NKB), a peptide in which mutations of the ligand or receptor, NK3R, would cause
hypogonadotropic hypogonadism [20]. The fascination with coexpression of two peptides that
were required for gonadotropin secretion was furthered with the identification of a third peptide,
dynorphin, which was also expressed in this population of neurons in the ARC of the
hypothalamus. These neurons were termed KNDy neurons using the first letter(s) of kisspeptin,
neurokinin B, and dynorphin [83]. While kisspeptin and NKB are stimulatory, dynorphin is
inhibitory, and together they work with other intermediary neurons to initiate and terminate the
tonic GnRH pulses needed for gonadotropin secretion [84]. The model has been put forward
where NKB stimulates kisspeptin release from KNDy neurons and kisspeptin then stimulates
GnRH release, with dynorphin then terminating the pulse through local inhibition of kisspeptin
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release from KNDy neurons. This model is in part based on receptor distribution, as KNDy
neurons express NK3R and KOR [85], but not GPR54, and GnRH neurons express GPR54, but
not NK3R [29]. GnRH neurons do, however, express KOR [85,86], so direct effects of
dynorphin on GnRH neurons are possible.

GnRH Surge Generation
The second type of secretion is termed “surge” secretion and is characterized by a large
and sustained increase in GnRH that differs from episodic GnRH pulses [87]. This surge elicits a
corresponding increase in LH secretion which acts at the ovary to halt ovarian estrogen
synthesis, stimulate completion of the first meiotic division in the oocyte, cause differentiation of
follicle cells into luteal cells (luteinization), and culminates in ovulation [88].
Estradiol has a biphasic effect on GnRH secretion and can both stimulate and inhibit its
amplitude during release [81,89]. Ovulation is influenced by “positive” feedback from high
concentrations of estradiol secreted from growing follicles [90]. The positive feedback initiates
action potentials within the GnRH neurons that release large quantities of peptide into the portal
vasculature that provides blood to the anterior pituitary. The surge of GnRH induces an LH surge
that is greater than 10 times the amount of a standard LH pulse [73]. Although females in all
spontaneous ovulating species generate the GnRH and congruent LH surge, there are several
species differences regarding the duration, timing and sites within the brain where the surge
originates in response to estradiol.
In rodents, the surge is triggered by increased estradiol and progesterone in conjunction
with circadian inputs [91] during the late follicular phase that activate neurons in the
anteroventral periventricular (AVPV) region of the pre-optic area (POA) [92–94]. Analysis of cFos expression in GnRH neurons shows that the group of GnRH neurons that are activated lie
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around the organum vasculosum of the lamina terminalis (OVLT) and project to the stalk ME
[95]. The SCN receives and mediates light input and is one locale of vasoactive intestinal
polypeptide (VIP) synthesis in rats. Lesions in the SCN or disruption of VIP secretion alters the
diurnal nature of the LH surge [96,97]. Whether VIP receptors are expressed by GnRH neurons
remains unclear and therefore it is unknown whether VIP input is direct or indirect [81].
Kisspeptin neurons located in the AVPV are one set of neurons in this area that expresses ERα,
increases activity in the presence of elevated estradiol and project to GnRH neurons, thus
suggesting a role in surge generation. In addition, vasopressin axonal fibers appose kisspeptin
cells in the AVPV and may receive and transmit the circadian signal to influence the GnRH
surge [98]. Lastly, since the LH surge is abolished when ERα is selectively deleted from GABA
or glutamate neurons, it is also suspected that these classic neurotransmitters play a critical role
in surge initiation [99]. The presence of a second preovulatory surge of FSH also differentiates
the rat from other species [35].
In sheep, interestingly, the GnRH surge lasts for a much longer period than the LH surge
[100]. The mechanism underlying this phenomenon, or any potential purpose that it serves, is not
yet clear. In addition, the amount of LH secreted in response to GnRH is much more than the
minimum needed to cause ovulation [81,100]. The GnRH surge is triggered by high levels of
estradiol, but this could possibly occur by actions of estradiol at the hypothalamus, pituitary or
both. Initial research placing estradiol microimplants into the medial POA and MBH indicated
that the MBH is the primary site of positive estradiol feedback for induction of the GnRH surge
[101]. Caraty et al. [102] showed that infusion of kisspeptin synchronized surges of LH to the
time of its infusion versus the highly variable surges displayed in controls, suggesting that
kisspeptin might be an important component of the GnRH surge in sheep. Subsequent work
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showed that surges only occurred in ewes where elevations in estradiol occurred, which
emphasized the importance of estradiol feedback [103]. A role for kisspeptin was confirmed by
demonstrating that an infusion of a kisspeptin receptor antagonist reduced the amplitude of the
LH surge by approximately 50% [104]. In recent years, a role for both POA and ARC kisspeptin
neurons has developed. With regard to the POA population, expression of kisspeptin mRNA
increases during the late follicular phase of the estrous cycle [105]. Additionally, c-Fos
expression in POA kisspeptin neurons has been reported to increase during the LH surge by as
much as 50-60% [106,107]. Interestingly, this is comparable to the percentage of POA
kisspeptin neurons expressing ER-α [9]. However, another study failed to see an increase in the
expression of c-Fos in POA kisspeptin neurons [105], even though kisspeptin mRNA expression
increased. Although kisspeptin mRNA in the ARC is increased during the late follicular phase
[105,108], mRNA expression for the kisspeptin receptor on GnRH neurons did not differ
between the luteal and late follicular phase. Similar to POA kisspeptin, reports on activation of
ARC kisspeptin neurons during the LH surge are mixed. Studies found increased c-Fos
expression in ARC kisspeptin neurons [105,106] and Merkley et al. [109] also reported an
increase in glutamatergic input to ARC kisspeptin neurons during the surge that did not arise
from other kisspeptin-containing neurons. Nevertheless, another study [107] reported no increase
in c-Fos expression in ARC kisspeptin neurons during the surge. Thus, the connection between
kisspeptin and the GnRH surge in sheep is not complete.
While GnRH in most species has an active role in generation of the LH surge, whether
this is true for the primate and human is less clear. Although a rise in circulating estradiol from
growing follicles is required for the pre-ovulatory surge [35], there is some debate on whether a
GnRH surge is required or if actions of estradiol at the pituitary level are sufficient [35,66,110].
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Ferin et al. [111] first observed that rhesus monkeys could still produce estrogen-induced LH
surges after pituitary stalk transections. As aforementioned, a study in 1980 using rhesus
monkeys [66] furthered this idea by showing the necessity for GnRH pulses but not a GnRH
surge to produce an LH surge, thus arguing against the requirement for a preceding GnRH surge.
Research in women suffering from Kallman’s Syndrome, a form of hypogonadotropic
hypogonadism, showed that ovulation can be rescued by infusion of intermediate, physiological
pulses of GnRH without a GnRH surge [112]. Moreover, activity increases in the pituitary, but
not the hypothalamus, during the LH surge, thus supporting the role for estradiol-induced
stimulation of the pituitary in women [113]. Other studies in monkeys offer positive evidence for
the necessity of the GnRH surge. A significant increase of GnRH was found to be congruent
with the LH surge through assessment of push-pull perfusates or cerebrospinal fluid [114].
Additionally, through analysis of hypothalamic multi-unit activity (MUA), a proposed surrogate
of GnRH pulsatility, it was determined that tonic GnRH release is arrested during the LH surge
[87]. This implies that if secretion of GnRH is still needed for the LH surge, it differs from the
tonic pattern of GnRH arising from the pulse generator. Like rodents and sheep, kisspeptin
neurons are located within the POA and ARC/Infundibular nucleus of primates and women, but
their function has yet to be qualified as critical to surge generation [35]. However, Smith et al.
[115] reported that kisspeptin mRNA was higher in both the POA and infundibular nucleus (akin
to the ARC in other species) of monkeys during the late follicular phase, although numbers of
kisspeptin-positive inputs to GnRH neurons were similar across the menstrual cycle.
In pigs, the temporal relationship between estrus, the preovulatory LH surge and
ovulation is crucial for efficient reproduction. Similar to other models, estradiol causes a
biphasic effect on gonadotropin secretion and exerts its effects on the hypothalamus [116,117].
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Although a robust LH increase does not occur in the presence of consistent GnRH stimulation,
GnRH is a required for inducing the preovulatory surge in gilts [71,77,78]. Lents et. al [14] has
shown the dose-dependent influence of kisspeptin on increasing LH through both ICV and IV
infusions, but evidence has been circumstantial regarding the location or mechanisms of
kisspeptin’s actions within the hypothalamus or pituitary [118], as both are necessary to generate
the LH surge in the pig [77]. There is still much research needed to properly detail the
mechanisms of the porcine LH surge generator.

Endocrinology of Puberty Onset
Estrogen Feedback and the LH Surge
Prior to puberty, low concentrations of estrogen provide negative feedback at the level of
the hypothalamus to inhibit pulsatile GnRH/LH secretion in pigs [119]. Surge-like, estradiolinduced increases in LH do not occur until approximately 160 days of age in the gilt with a weak
response beginning around 60 days [120,121]. Post-pubertal gilts experience steroid negative
feedback during the luteal and follicular phases of their reproductive cycles with a release from
that feedback around the time of ovulation. In the late follicular phase, a decrease in pulsatile and
mean LH, caused by estrogen’s inhibition of GnRH secretion, is required for 2-3 days before the
preovulatory surge can occur [6,78,79]. As the Graafian follicles continue to grow and secrete
estradiol, a threshold level is reached, and this feedback converts from a negative to a positive
one. The stimulatory effects of estradiol are exerted at the pituitary by stimulating GnRH
receptor production and increasing LH secretion in response GnRH [122] while also influencing
GnRH neurons in the hypothalamus [67,119]. The removal of estrogen negative feedback
increases secretion of GnRH and results in a subsequent elevation in LH (average 5.2-8.7 ng/ml)
the day before or on the day of ovulation [123]. The surge causes the final maturation of selected
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follicles and stimulates the closure of gap junctions to release the oocyte from the follicular cells.
Simultaneously, this closure removes the influence of cellular inhibitors that cause nuclear arrest,
thus leading to the resumption of meiosis as an event that occurs before ovulation in pigs, sheep,
mice and hamsters [73].

Other Important Factors
During maturation, sexual function is one of the later things to develop during the
pubertal period and occurs during a specific stage of growth in a species [124]. Gonadotropins
are initially high after birth but are then inhibited during the infantile period by estradiol negative
feedback in several species, including swine. Puberty onset in the gilt is brought about by the
resumption of gonadotropin secretion which leads to first estrus and the onset of reproductive
capability [125]. Gilts that reach puberty earlier have increased retention in the breeding herd,
farrow more litters per sow and produce more pigs per litter; and remain fertile longer
throughout their breeding lifetime [43,126]. The specificity of puberty’s timing is influenced by
several factors, including an animal's weight, age, growth, and seasonal receptivity. Not
surprisingly, this has led to various theories on a specific mechanism that induces puberty onset.
Ramirez and McCann [127] proposed a gonadostat theory in which they believed the
prepubertal inhibition of LH secretion was due to heightened sensitivity to estradiol negative
feedback within the hypothalamus. During infancy, the hypothalamus is highly sensitive to the
low titers of estradiol secreted from the gonads and, thus, gonadotrope function would remain
inhibited. As the animal matured, the hypothalamus would become less sensitive to estradiol
negative feedback and gonadotropin secretion would rise [128]. Initial studies analyzing LH
secretion before puberty indicated that the gilt conformed to this gonadostat theory [40].
However, this theory fell into disfavor when the castration of young macaques [64] and ewe16

lambs [129] did not immediately release the hypothalamus from inhibition and increase
gonadotropin levels. This indicated that pre-pubertal inhibition of LH secretion is not primarily
controlled by estradiol negative feedback, but instead by another potential factor or pubertal
signal. In this case, a pubertal signal is defined as a substance that is “quantitatively different for
the sexually immature and sexually mature individual” and when administered must significantly
change GnRH whether advancing or delaying it [130]. Subsequently, the role of estradiol
negative feedback as a requirement for the prepubertal inhibition of LH secretion has been
confirmed in domestic livestock species but is not responsible for the juvenile hiatus in LH
secretion noted for primates. Some other important factors that influence the onset of puberty in
the gilt are body fat or body composition [131,132], growth rate [133] and leptin [134].

Back Fat/Body Composition and Growth Rate
The nutritional state of an individual plays an important role in that individual’s ability to
reproduce. Undernutrition delays puberty and disrupts estrous or menstrual cycles by negatively
influencing GnRH and LH secretion [132,135,136]. This is not surprising as the process of
reproduction requires more energy than needed for other life processes and a lack of adequate
body fat would risk the lives of the mother as well as her offspring [135]. Based on data from
studies using rats [132], it was suggested that vaginal opening, a sign of pubertal maturation in
rodents, was more correlated with body weight than it was with age. In addition, chronic
underfeeding in rats leads to reduced body growth and delayed sexual maturation [137].
Frisch [138] correlated the relationship between fat percentage and the potency of
circulating estrogen as well as levels of circulating sex-binding globulin in women. She also
determined even moderate weight loss can lead to amenorrhea due to decreased control of body
temperature, energy storage and metabolism [135,139]. Overall, studies in women emphasized
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the connection between an ideal weight to height ratio and menarche, indicating that menstrual
disorders can occur in both excessively lean and obese women [135,140].
In swine, the ratios between back fat, weight and age are controversially connected to age
at first estrus and other parameters that measure reproductive success [125,141,142]. Although
they may be correlated, back fat, age and weight at first breeding have not been shown to
significantly affect indices of sow productivity such as litter size [141]. Furthermore, there is
research showing a low correlation between back fatness and age at first estrus [143]. However,
in other studies, back fat thickness positively correlated with age of puberty, an increase in total
piglets born, and a decrease in the time between weaning and return to estrus [144–146]. Gilts
fed a diet with increased fat content exhibited a significantly lower age at puberty, enhanced
gonadal development, longer uterine horns and higher Kiss-1, GPR54, FSH and LH mRNA
expression in the hypothalamus and pituitary [147].
Body composition can be correlated with feed intake and growth rate. Since feed intake
and backfat have an influence on reproductive development [125,148], it is not surprising that
growth rate does as well. Gilts with higher growth rates from birth to a peripubertal age achieve
puberty faster than those with slower growth rates [133,149]. Replacement gilts with higher
growth rates also show earlier signs of estrus [150]. However, results from Rozeboom [125] and
other authors are in direct conflict with these findings, with the authors stating that growth rate
has no correlation to age at puberty [151,152]. Still, sows with faster growth rates have a shorter
weaning to estrus interval with an average of 4-7 days [6,146,153]. Previous work using
quantitative genetics (REML) show significant heritability between weaning to estrus interval
and age at puberty (h2 = 0.45), thus, there may be a strong link between faster growth rate and
age at puberty [154]. To complicate the connection further, the effect of growth rate on age at
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puberty is correlated with the age at first boar exposure which can vary greatly between herds
[42]. Current strategies for selecting maternal line gilts includes growth rate as well as body
composition, age at first mating, sexual development and reproductive history [44]. Many factors
impact sow longevity and reproductive success and therefore all should be considered when
determining their influence on puberty.

Leptin
While Dr. Rose Frisch originally described the proposed positive relationship between
body adipose and puberty onset [135], the mechanism of how body fat would communicate with
the brain, and more specifically the hypothalamus, was unclear. Cloned and discovered in 1994
[155], leptin is a 16 kDA protein that is translated by the LEP (previously OB) gene and binds to
several leptin receptor (Ob-R) isoforms, Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd and Ob-Re. Ob-Rb, also
written as Ob-RL or LepRb, is the long form of the receptor and acts via the JAK-STAT pathway
in the hypothalamus as well as MAP Kinase or PI-3 Kinase pathways in different parts of the
body [156–159].
Through long form receptor activation, leptin reduces food intake and regulates energy
balance by stimulating neurons containing anorexigenic peptides such as pro-opiomelanocortin
(POMC) and cocaine- and amphetamine- regulated transcript (CART) while inhibiting
orexigenic neurons that stimulate feeding, such as neuropeptide Y (NPY) and agouti-related
peptide (AgRP). The short isoforms of the receptor are believed to be more involved in
transporting leptin across the blood-brain barrier [136]. Although the gene for leptin is largely
expressed in white adipose tissue [155] and circulates in concentrations that reflect fat reserves in
the body, it can also be found in the placenta, ovary, pituitary gland and mammary gland [158].
It was believed to be the bridge that connected body fat or body composition to reproductive
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function [160] by translating information regarding energy stores (i.e. adipose tissue) to the
hypothalamus [161]. That leptin connects adiposity/nutritional state with reproduction can most
clearly be seen by recognizing that mice lacking leptin, the ob/ob mouse, are infertile. In
addition, leptin injections restore gonadotropin secretion and thus reproduction in these mice
[162].
Long-form leptin receptor mRNA was localized to the ARC of the hypothalamus and
anterior pituitary in the pig [163], ewe [164], rat [165] and mouse [166]. More specifically, this
signaling form of the leptin receptor has been found to be expressed at varying levels in KNDy
neurons that are known to have an important role in controlling GnRH release [29]. It was
reported that there existed less than 10% colocalization between Kiss1 neurons and leptin
receptor in intact mice [167] and no colocalization was found in rats [168]. In addition,
conditional knockout of the leptin receptor from Kiss1 neurons (Kiss1-Cre/LepR-floxed) did not
alter sexual maturation or fertility in male or female mice [169]. On the other hand, Smith et al.
[170] used in situ hybridization to show that 40% of Kiss1 neurons in the ARC contain leptin
receptor mRNA while another study showed 80% colocalization in guinea pigs using single cell
PCR and electrophysiological recordings [171]. Even further, neuromorphological studies using
pseudorabies virus have shown the presence of a multisynaptic connection between adipose
tissue and nuclei throughout the hypothalamus, including the ARC [172]. These studies provide
evidence that peripheral leptin may alter GnRH release, gonadotropin secretion and estrous or
menstrual cycle expression, but these effects could be dependent upon species [134,173].
Currently, the role of leptin in puberty is contentious. There has been conflicting
evidence towards whether leptin is simply a critical, but permissive, signal or if it is an active
regulator of puberty onset. In mice, daily injections of leptin accelerated vaginal opening, first
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estrus and onset of cyclicity without significantly altering body weight [161]. However, the
acceleration of puberty onset was relatively small and in a subsequent study [174], rats injected
intraperitoneally with leptin failed to show a significant acceleration of vaginal opening. In that
study, leptin reversed the delaying effects of feed-restriction on puberty but had no significant
affect in well-nourished animals. Similarly, leptin increases LH secretion in food-restricted sheep
[179], but does not alter concentrations in well-nourished sheep [180]. In primates, one study
reported no association between changes in circulating leptin levels and pubertal changes in LH
secretion [175], but other studies [176,177] demonstrated a positive connection between leptin
and increases in nocturnal and daytime LH secretion, estradiol and menarche. Another foodrestriction study showed that leptin infused into the lateral ventricle of female rats increased the
weights of ovaries and uteri [178]. Therefore, one thing that seems universally clear is that leptin
can restore LH secretion or reproductive function in situations of undernutrition. In gilts, leptin
increases at the time of puberty onset, but has been reported to stimulate, inhibit or have no
effect on LH secretion [134,181].

The Estrous Cycle of the Pig
Phases
Gilts become sexually mature from 8 to 12 months of age, depending on factors including
age at first boar contact and body condition. They average a 21-day estrous cycle and are
polyestrous [6,79]. The estrous cycle is made up of four stages - estrus, metestrus, diestrus and
proestrus - with simultaneous ovarian phases - follicular and luteal. Proestrus and estrus occur
during the follicular phase, which is shorter than the luteal phase, and lasts for roughly 20% (4-7
days) of the entire cycle. Metestrus and diestrus occur during the luteal phase, which lasts 13-15
days [6,73].
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Estrous behavior and sexual receptivity occur during the estrus period, which is heavily
influenced by olfactory and tactile stimulation. The physical signal of estrus is called the lordosis
response and is characterized by a standing action in the presence of a boar wherein the gilt or
sow arches her back, erects her ears and remains immobile [182]. Occurring during the follicular
phase, estrus lasts an average of 30-60 hours in sows [73,123].
At approximately two-thirds the way through the estrous period, estrogen concentrations
begin to rise to threshold levels, exerting positive feedback onto the hypothalamus. As stated
above, this results in the GnRH, and thus LH, surge. LH acts on the theca interna cells to destroy
follicular tissue around the dominant follicles, causing ovulation of the cumulus oocyte complex
(COC). Ovulation occurs at an average of 30 ± 3 hours after the onset of the LH surge [183] with
pigs generally ovulating 15-30 oocytes per estrus period. Observation of the standing estrus
response and calculation of the relationship between the estrus period and ovulation are both
used as tools to optimize timing of breeding or artificial insemination [6].
The next stage, metestrus, marks the transition from the follicular phase to the luteal
phase. Initially, both estrogen and progesterone levels are minimal. The low levels of estrogen
result in the removal of negative feedback on FSH secretion. FSH is highest post-ovulation and
stimulates waves of small and medium follicle development during the luteal phase [6].
Congruently, LH pulses continue to occur every 3-6 hours [184] and act on theca cells as they
transition from follicular to luteal cells in a process called luteinization.
Diestrus is the longest of the four stages and lasts approximately 15 days. It is marked by
the completion of luteinization 8-9 days after ovulation, resulting in dramatically increased
progesterone levels soon after the corpus luteum is fully functional [6]. Factors like vascular
endothelial growth factor (VEGF) and insulin-like growth factor (IGF-1) are major influences in
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the formation of the corpora lutea during this process. The infusion of exogenous IGF-1 into the
ovarian vasculature increases the secretion of progesterone from the transforming luteal cells [6].
Progesterone negative feedback is exerted on the hypothalamus which results in low
concentrations of gonadotropin secretion in addition to low estrogen concentrations because of
inhibited follicle development [185]. Unlike what occurs in cows, it is debated whether full
follicular waves continue to persist through this period of inhibition in pigs. FSH waves are
observed, but follicle numbers remain limited [6]. During this period of progesterone negative
feedback, LH pulses continue to occur 6 times a day, i.e. approximately one every 4 hours,
similar to the metestrus period.
In the absence of an established pregnancy, uterine secretion of prostaglandins occurs.
These eicosanoids enter the circulation and causing luteolysis approximately 15 days after
ovulation. As the luteal phase ends, the 4 to 6-day follicular phase begins with the proestrus
stage. Loss of the corpora lutea causes a decrease in circulating progesterone levels, thus leading
to a loss of progesterone negative feedback at the level of the hypothalamus. Without this
inhibition, the hypothalamus releases GnRH at increased frequencies, resulting in a pattern of
LH secretion characterized by higher frequency, but lower amplitude, pulses and FSH release
[6].
FSH is a glycoprotein hormone secreted from the anterior pituitary that acts directly upon
the ovary to induce development of the small antral follicle pool that arose during the luteal
phase [7]. Even small amounts of FSH are adequate to stimulate the recruitment and growth of a
group of antral follicles until the dominant follicles are selected. In pigs and other animals that
are polytocous, a cohort of follicles is chosen as dominant whereas only one follicle is chosen in
other species that are monotocous [73]. At this point, LH pulses have increased to one every 1-2
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hours to aid in the selection process of the recruited follicles [184,186]. These selected follicles
continue to secrete estradiol as well as inhibin during growth. Due to specificity of selection,
inhibitory actions of inhibin on FSH secretion and the disproportionate blood flow to the
dominant follicles, the rest of the recruited pool will undergo atresia. As estrogen levels begin to
rise to threshold levels, the cycle repeats itself and leads to the GnRH and LH surges that started
the aforementioned estrous cycle.

Steroid Action and Feedback
LH, FSH, progesterone, and estrogen have critical roles during the reproductive cycle.
While LH and FSH are secreted from gonadotropin cells in the anterior pituitary, progesterone
and estrogen are released from the ovarian granulosa and thecal cells and provide feedback to the
brain to control the release of GnRH and, thus, LH and FSH.
LH and FSH work harmoniously to mature gametes, develop gonads and promote
ovulation in females [123]. The primary role of FSH is to stimulate antral follicle growth during
the follicular period by acting via G-protein coupled receptors on the granulosa cells in the
ovary. Also necessary for follicle development, LH is required to further follicle growth and
achieve dominant follicle selection. Follicles that do not have the proper number of LH receptors
during this time of LH dependence will undergo atresia [73]. Furthermore, LH also acts on the
theca cells to convert cholesterol to progesterone so that, simultaneously, the aromatase enzyme,
which is stimulated by actions of FSH on granulosa cell receptors, will convert testosterone to
estrogen [187]. After ovulation occurs, LH continues its actions on the theca and granulosa cells
to promote luteinization. Therefore, both of these hormones work together to grow the follicles,
synthesize estradiol and progesterone and promote the events leading to ovulation [73].
Estrogen and progesterone are synthesized and secreted in response to LH and FSH
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actions on the gonads. As stated, estrogen is synthesized by the granulosa cells when both
gonadotropins are present as synthesis requires the action of both FSH and LH on granulosa and
theca cells, respectively. Estrogen acts on several parts of the female reproductive tract to
increase overall blood flow in preparation for copulation during estrus. High concentrations will
increase mucosal secretion in the caudal/cranial vagina and cervix to lubricate the vagina, flush
out foreign material and aid in sperm travel into the uterus [73]. It also acts to thin the cervical
mucus and increase uterine contractility to aid in sperm passage to the oviduct.
Additionally, estradiol has a biphasic feedback action on the pituitary and hypothalamus
[119]. Low levels during the early follicular phase exert a negative feedback that decreases LH
amplitude and mean LH secretions as well as GnRH concentrations in the MBH and
hypophyseal portal vasculature [30,116,188,189]. The first clue that estrogen had a positive
effect to induce ovulation was seen in rats in 1934 when administration stimulated the formation
of corpus lutea [4]. Thus, as in many other mammalian species, the influence of estrogen moves
from being inhibitory at low levels of secretion during the prepubertal period to be periodically
positive as the gilt enters puberty and throughout repeated estrus cycles [3,190]. As follicles
grow and increase secretion of estrogen, levels of the steroid surpass a threshold wherein they
trigger a sudden outpouring of large concentrations of GnRH that lead to the LH surge [191].
The surge created from elevated concentrations of estradiol is specific to sows and is not found
in their male counterparts, as is the case for many other species as well [120,192]. Estrogen binds
at least two classical nuclear receptors (ERα or ERβ) as well as membrane-bound receptors (for
example, GPR30). While the physiological role of membrane-bound ER is unclear, ERβKO
mice are still fertile while ERαKO are not, suggesting that ERα is the likely receptor for
mediating both negative and positive feedback [193].
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Circulating concentrations of progesterone are largely derived from the corpus luteum,
but small amounts are also released by the theca cells before ovulation. Low levels of
progesterone cause the synthesis and activation of collagenase enzymes that aid in breaking
down the follicular tissue for rupture. In contrast, high levels of progesterone strongly inhibit all
estrous behavior and potently reduce GnRH and gonadotropin secretion [73,194]. Progesterone
can work independently or in conjunction with estrogen and primarily inhibits the frequency, but
not amplitude, of LH pulses [188,195]. At certain doses, progesterone inhibits the onset of estrus
and ovulation in sheep, cattle and gilts [196]. Treatment of goats with combined estrogen and
progesterone implants lowers the frequency of MUA volleys near KNDy neurons in the MBH
[17], while subcutaneous injections and bilateral cerebral implants of crystalline progesterone
blocked ovulation and the LH surge as well as decreased sexual receptivity in sheep and pigs
[182,194,197,198]. Hypothalamo-pituitary disconnection limits the actions of progesterone on
LH secretion [199], showing that progesterone acts on the hypothalamus and not directly on the
pituitary as estrogen can. There is evidence that inhibition of the GnRH surge by progesterone
occurs within the MBH and VMH while its effects in the POA inhibit estrus activity [198].
Regardless of its inhibitory effects, progesterone signaling in rodents is critical for proper
ovulation and fertility during the LH surge [200].
Although it is evident that progesterone and estrogen act within the hypothalamus to
regulate GnRH release, the neural mechanisms whereby this occurs is not completely clear. It is
well known that GnRH neurons do not express ERα or the receptor for progesterone (PR), so a
direct effect of either steroid is unlikely. There is sufficient evidence to suggest that KNDy
neurons play an intermediary role in mediating feedback from both steroids [29]. Information
discussing how this occurs is considered in the next section.
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KNDy neurons
Introduction
Colocalization of kisspeptin, NKB and dynorphin within neurons of the ARC of the
hypothalamus have been noted for rats, mice, sheep and goats [29], although colocalization in
humans is less clear [201]. Kisspeptin and NKB, and their respective receptors, have been shown
to be critical for puberty onset in humans [11,20] and both elicit GnRH and/or LH secretion in
various species, including primates [23], rodents [31,202], goats [17], heifers [34] and sheep
[18]. While kisspeptin and NKB are found to be primarily stimulatory to GnRH secretion,
dynorphin has been proposed to be inhibitory [30–32]. Currently, the hypothesized mechanism
for pulse generation implicates NKB as a local stimulator of KNDy neurons which project to
GnRH neurons. This results in the release of kisspeptin at GnRH soma or at GnRH-containing
terminals in the ME, therefore leading to a pulse of GnRH that is secreted into the portal
vasculature. To terminate the pulse, dynorphin acts on KNDy neurons to inhibit kisspeptin
release and stop GnRH secretion. This oscillation of KNDy peptide release causes the pulsatile
release of GnRH that is necessary for LH secretion and reproductive development [30].

Kisspeptin
Characterization

Kiss-1 was initially discovered through its role as a cancer suppressor gene (and was even
originally called metastin) in 1996 [203] because kisspeptin mRNA was overexpressed in cells
with low metastatic activity. Kisspeptins are the peptide products of the Kiss-1 gene and are
cleaved during processing into various isoforms, including kisspeptin-10, kisspeptin-14, and
kisspeptin-13. The main product, kisspeptin-54, is a 54-amino acid peptide mostly found in the
placenta [1,204]. Their common receptor, GPR54, was cloned in both rats [205] and humans
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[206] and is known to act as a Gq GPCR through the MAP kinase pathway. There is a lack of
gonadotropin response after kisspeptin administration in GPR54-null mice, indicating that the
effects of kisspeptin are mediated through this single receptor [24]. Previous research defined
the role of the Kiss-1/GPR54 system in cancer biology, placenta formation [207] and the
potential control of oxytocin release [208]. It was not until 2003 that a mutation in GPR54 was
linked to idiopathic hypogonadotropic hypogonadism [11] and kisspeptin was acknowledged to
play a fundamental role in controlling reproductive function. Furthermore, this mutation causes a
decrease in secretion of GnRH without affecting pituitary responsiveness to it, indicating that the
Kiss-1/GPR54 mechanism and the role of kisspeptins did not involve actions at the pituitary
[12,209].
Distribution

Due to its various roles in many physiological systems, kisspeptin is found in varying
parts of the body as well as parts of the brain. There are large populations of kisspeptin found in
the ARC and POA/AVPV that are critical for reproduction. As aforementioned, GPR54
expression is primarily found in the placenta, pancreas, spinal cord, pituitary and colocalizes
with GnRH neurons in the hypothalamus [210]. The Kiss-1 gene is also found in the human
placenta and brain with lesser amounts in the testis and small intestines [211].
During sexual development, the expression of Kiss-1 and GPR54 mRNA increases at the
time of puberty in rats [211] and primates [212]. Simultaneously, kisspeptin neurons in the
AVPV increase in cell numbers and numbers of close contacts onto GnRH neurons in the POA
during the peripubertal period [213]. In the ME, there are abundant contacts between GnRH and
kisspeptin neurons [214]. These changes, along with the increasing sensitivity of GnRH neurons
to kisspeptin, from 27% of GnRH neurons responding to kisspeptin in the prepubertal period to
over 90% as puberty approaches [215], shows the crucial role of kisspeptin in the increased
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activity of the HPGx during puberty onset.
Within the ARC, GPR54 is not found on KNDy neurons [216], therefore making it
unlikely that kisspeptin acts to influence its own secretion. Direct injections of kisspeptin
antagonist into the arcuate, however, do decrease pulsatile LH secretion [217], indicating some
action for kisspeptin in that location. Other cell types (i.e. NPY, AgRP, POMC) exist within the
ARC and at least AgRP and POMC neurons have been shown to respond to optogenetic
stimulation of kisspeptin neurons [218]. All three of these peptides have been shown to
influence LH secretion [219–222] and such findings raise the possibility that kisspeptin could act
directly on the GnRH neuron to influence secretion or indirectly through other peptidergic
inputs.
Function

Kisspeptin is a potent stimulator of GnRH release. That it acts directly on GnRH neurons
is suggested by the high expression of GPR54 in GnRH neurons [223] and the increased c-Fos
expression in GnRH neurons when kisspeptin is injected in rats [224]. Furthermore, kisspeptin
induces GnRH release in hypothalamic explants from rats [225] and in sheep in vivo [24] in a
fashion that mimics the frequency of the injection with high fidelity [226].
After determining its relationship to GnRH neurons, additional studies showed that
kisspeptin-10 and metastin (kisspeptin-54) caused dose-dependent increases in LH and FSH
release when given IP, IV or subcutaneously in multiple species [13,15,24,212,227,228]. Doses
as low as 100 fmol, 0.1 µg and 2 µg were able to stimulate LH release in mice [13], rats [229]
and monkeys [16], respectively, while FSH release was 100-fold less sensitive to intravenous
kisspeptin-10 administration [230]. Additionally, kisspeptin administration advances vaginal
opening and LH levels in immature female rats [211] as well as pulsatile GnRH release in
juvenile primates [16]. These actions of kisspeptin are dependent upon GnRH release as
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pharmacologically blocking the GnRH receptor blocks the effect of kisspeptin on LH and FSH
release [13,212,228].

Neurokinin B
Characterization

Neurokinin B (NKB) is a member of the tachykinin peptide family and has been
investigated in the context of puberty since the early 1990’s [231–233]. The tachykinin family
includes substance P (SP), neurokinin A (NKA), neuropeptide K (NPK) and neuropeptide
gamma (NPγ). NKB is encoded by the TAC3 or Tac2 gene (nomenclature dependent upon
species) and its primary receptor, NK3R, is encoded by TACR3 or Tacr3 [234], albeit there is
evidence for NKB binding to other tachykinin receptors such as NK1R and NK2R [235]. Like
kisspeptin, mutations in genes coding for NKB or NK3R cause hypogonadotropic hypogonadism
in humans [20,236]. However, species differences exist as to the critical nature of NKB for
reproduction as Tacr3-/- mice remain fertile [237].
Distribution

Although, NK3R mRNA is located throughout the POA and hypothalamus, with
expression noted in the PVN, SON, ventromedial hypothalamus and ARC [22,231,233,238,239],
NKB is concentrated only within the ARC [231,233,238,240,241]. NKB-containing fibers from
ARC KNDy neurons innervate GnRH axon terminals in the stalk-ME [81,242], but as mentioned
earlier, GnRH is not directly modulated by NKB. In most species, NK3R, unlike GPR54, does
not colocalize with GnRH neurons although some evidence has been found in the rat medial
POA, OVLT and ME [241]. Additionally, studies showed evidence for close contacts, albeit
minimal, between NK3R and GnRH cell bodies in the POA and ME of rats and sheep [241,243].
In the ARC, almost all (97%) NKB neurons contain ERα [238] and NKB mRNA and
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protein expression is significantly reduced by estrogen negative feedback [26,31,233]. Since
NKB and NK3R are co-expressed in KNDy neurons [31,33,244], there is a likelihood that
reciprocal connections exist for NKB-mediated, local actions on KNDy neurons within the ARC.
Function

Similar to kisspeptin, NKB is a potent stimulator of LH secretion in mice [31,202], goats
[17], sheep [25,32] and monkeys [23,28]. However, studies in rats have reported both inhibitory
and stimulatory effects of NKB, perhaps due to varying steroidal milieus between studies
[22,245]. The actions of NKB influence LH secretion through NK3R-containing cell populations
in the ARC, POA and RCh of the hypothalamus [244,246]. When the NK3R agonist, senktide, is
injected directly into the ARC of rats, there is a dose-dependent decrease in LH secretion as well
as a reduction in Gnrh1 and GPR54 mRNA. Both of these reductions may be mediated through
autocrine dynorphin and KOR inhibitory signaling that occurs through KNDy neurons [242]. On
the other hand, senktide induces a surge-like LH secretion when administered locally to the RCh
or POA of ewes [246]. The partial blockade of an estrogen-induced surge by a NK3R antagonist
delivered only to the RCh emphasizes the importance of this area for full expression of the
GnRH surge [246]. Further research shows that placement of senktide within the RCh led to
activation of ARC kisspeptin neurons, providing one possible pathway whereby NK3R
activation in the RCh may contribute to GnRH release [247]. Micro-implants of senktide only
moderately, but significantly, increased LH secretion when administered to the ARC, perhaps
indicating a role for NK3R activation in that area for tonic, but not surge, secretion [246].
Expression of NK3R on KNDy neurons clearly suggests that NKB can act to stimulate KNDy
neurons and thus kisspeptin release to alter GnRH secretion [244]. That this is true is shown by
the ability of a kisspeptin receptor antagonist to block the stimulatory effects of senktide on LH
release [27,28]. Furthermore, the administration of senktide dramatically activates kisspeptin
31

neurons in the arcuate [22].

Dynorphin
Characterization

Dynorphin is an endogenous opioid peptide (EOP) that has a high affinity for the κopioid receptor (KOR). Dynorphin is derived from the prodynorphin gene that consists of 4
exons and three introns [248–250] with exons 3 and 4 containing the coding region of the
peptide. The processing of dynorphin from the larger inactive precursor (prodynorphin) requires
the actions of prohormone convertases 1 and 2 as well as carboxypeptidase E [251] and leads to
several forms of dynorphin. While processing is traditionally considered to occur mainly in the
trans-golgi network, the presence of both prodynorphin and dynorphin in the same axon and
vesicles [252] raises the possibility of processing by other factors or stimuli at the level of the
synapse.
Distribution

Dynorphin is found in many areas of the brain. Within the hypothalamus, dynorphin can be
found in several nuclei. Certain similarities exist in humans and non-human primates, with
dynorphin-positive cells found in the medial preoptic area, SON, PVN, ARC/infundibular
nucleus, VMN, dorsomedial hypothalamus, lateral hypothalamus, and mammillary nucleus
[253,254].
In tissue collected from female rats on the morning of proestrus, Burke et al. [33] found
dynorphin-positive cell bodies in small numbers in the periventricular hypothalamus and anterior
hypothalamus. Numerous dynorphin-positive cells were found in the SON and PVN and
dynorphin perikarya were found in the ventrolateral and dorsomedial subdivision of the VMN.
A moderate population was found within the ARC, with larger numbers in the posterior portion
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of the ARC. Approximately 60 to 65% of these cells within the ARC also expressed NKB and
virtually all expressed ER-α. Fibers that were immunopositive for both NKB and dynorphin
were found in small numbers within the medial preoptic nucleus, PVN AVPV, and OVLT.
Consistent with the extensive reciprocity exhibited by KNDy neurons, there was a dense network
of fibers within the ARC and fibers were also located within both the internal and external zone
of the ME. Scattered dynorphin cells were also found within the POA [33]. There is conflicting
evidence for a direct influence by dynorphin on GnRH neurons in this area. Weems [85] reported
that a high percentage (97.4%) of GnRH neurons in the rat POA contained KOR protein,
whereas an earlier study did not find colocalization [255].
In sheep, Marson et al. [256] reported that dynorphin was found primarily in the SCN and
SON and that no dynorphin neurons were found in the PVN while Sliwowska et al. [257] and
Foradori [258] described dynorphin-positive cells in the ARC. Iqbal et al. [259] localized mRNA
within the SON, PVN, and VMH, but reported that they found few cells elsewhere, including the
lateral hypothalamus. A recent study in prepubertal female sheep reported dynorphin-positive
cells in the POA and PVN, but failed to find any within the ARC, even though cells were clearly
evident in that region for tissue run concurrently from luteal phase ewes [86]. KNDy neurons
highly coexpress KOR and there is a high degree of coexpression between KOR and GnRH cells
as well [85]. Furthermore, 90% of GnRH neurons in the MBH are closely apposed by dynorphin
fiber varicosities while fibers co-expressing dynorphin and NKB in the ME also contact GnRH
neurons [19]. To my knowledge, the distribution of dynorphin in the porcine brain has not been
described.
Function

Dynorphin has been implicated in several physiological functions, including food intake
[260], water/fluid balance [261], stress [262], and lactation [263]. Dynorphin also has an
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important role in reproduction. Although mice exhibiting global deletion of either dynorphin or
KOR exhibit normal fertility [264,265], it is possible that compensation occurs during
development that allows for normal fertility in these mice. In contrast, there is a large body of
evidence suggesting that dynorphin can significantly impact reproduction. For instance,
dynorphin is thought to mediate the inhibitory influence of progesterone on LH secretion in
sheep. Dynorphin neurons coexpress receptors for progesterone [266] and, as mentioned above,
are observed to exist within regions of the hypothalamus and POA known to be important for
regulating reproduction. Goodman et al. [267] showed that blockade of the KOR within the
MBH or POA during the luteal phase increased circulating LH levels in sheep. Additionally,
administration of progesterone to ovariectomized ewes increases dynorphin levels in the
cerebrospinal fluid compared to ovariectomized controls [258]. In that same study, it was
reported that ovariectomy decreased preprodynorphin mRNA-containing cell numbers in the
POA, anterior hypothalamic area, and ARC. These effects are reversible as treatment with
progesterone restored cell numbers in the POA and anterior hypothalamic area but had no effect
within the ARC. Similarly, implantation of the progesterone antagonist, RU486, within the ARC
disrupted inhibition of LH secretion brought about by peripheral progesterone administration
[268] and administration of the KOR antagonist (nor-BNI) within that area increases LH. In
goats, infusion of dynorphin into the lateral ventricle decreased MUA in association with
reduced LH secretion, whereas infusion of nor-BNI increased both MUA and LH secretion [17].
Thus, the preponderance of evidence in adult animals of various species would suggest that
dynorphin serves an inhibitory function in regulating GnRH, and thus LH, secretion.
While the influence of progesterone has been well studied, the effects of estradiol on
dynorphin expression are not as clear. Dynorphin protein expression, as well as KOR expression,
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was surprisingly inhibited by estrogen in mice [31]. In prepubertal sheep, however, dynorphin
cell numbers were not affected by estradiol treatment in the PVN [86].
In addition to a potential role for regulation of GnRH secretion in adult animals, a very
limited number of recent studies points to a potential role for dynorphin in regulating puberty
onset. Nakahara et al. [270] showed that intraperitoneal infusion of nor-BNI accelerated puberty
onset in female rats. In prepubertal sheep that had been ovariectomized and implanted with
estradiol, infusion of nor-BNI into the lateral ventricle increased LH secretion [86].
Interestingly, this effect was lost in the same cohort of sheep at a postpubertal age, suggesting
that dynorphin may play a role specific to the prepubertal restraint of LH secretion. The specific
group or population of dynorphin neurons that are involved in this restraint is still unclear.
Lopez et al. [86] failed to find dynorphin protein expression within the ARC of prepubertal
OVX+E sheep and other populations (POA/PVN) were unchanged by treatment with estradiol.
In a subsequent and as yet unpublished study, implantation of nor-BNI within the POA or MBH
was without effect on LH secretion in prepubertal OVX+E ewes (Michelle Bedenbaugh,
personal communication). Thus, much remains to be determined with regard to the mechanism(s)
whereby dynorphin impacts GnRH, and thus LH, secretion. As mentioned previously, dynorphin
is coexpressed in neurons of the ARC which express kisspeptin and NKB and may play a role in
pulse generation, specifically pulse termination. In addition, KORs are also expressed in GnRH
neurons [85,86], raising the possibility of direct regulation of GnRH secretion.
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CHAPTER III: CHARACTERIZATION OF KNDY NEURONAL ACTIVITY IN GILTS:
DISTRIBUTION AND EFFECT OF A PROGESTIN
Introduction
Puberty is an event that is influenced by hormonal, physiological and physical factors that
ultimately lead to an ability to reproduce. For puberty to occur, the totality of these inputs must
be transduced into information that causes an increase in the pulsatile release of gonadotropin
releasing hormone (GnRH). Potently inhibitory to GnRH release during the prepubertal period,
estradiol negative feedback lessens [3] as the individual matures, allowing for an increase in
pulsatile GnRH, and thus LH, release. When ovarian estradiol secretion induced by LH reaches a
threshold level, it triggers a surge in GnRH and LH that stimulates the first ovulation [5,6].
GnRH neurons do not express estrogen receptor α (ERα), the relevant receptor for mediating
estradiol feedback [8–10], so other intermediary neurons must convey input from estradiol to
GnRH neurons. One set of neurons located within the arcuate nucleus of the hypothalamus
(ARC) called KNDy neurons are believed to play an important role in this process. The moniker
reflects the coexpression of three neuropeptides, kisspeptin, neurokinin B (NKB) and dynorphin
[19]. Kisspeptin neurons express ERα, and administration of kisspeptin and NKB stimulates LH
secretion in virtually every mammalian species studied to date [13,15,17,23–25,212,227,228].
Kisspeptin then acts via its receptor, GPR54, to initiate a pulse of GnRH while NKB acts
reciprocally on KNDy neurons via NK3R to release kisspeptin. Conversely, dynorphin inhibits
both NKB/kisspeptin release to terminate the pulse [9,31,271]. Based upon such evidence,
KNDy neurons have been suggested to play an important role in GnRH pulse generation [271].
While KNDy neurons have been examined in several species [17,19,33–35], they have been
virtually unstudied in pigs.
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The purpose of this study was to begin characterizing KNDy neurons in the porcine
hypothalamus. We initially examined whether kisspeptin and NKB were expressed (and
coexpressed) in the porcine ARC. We then characterized the distribution of the receptor for
NKB, NK3R, in the preoptic area (POA) and the hypothalamus of postpubertal gilts. We also
examined whether NK3R was expressed in GnRH neurons. Finally, we examined the effect of a
progestin, Altrenogest, on kisspeptin and NKB expression and assessed its effect on activation of
KNDy neurons. We report herein that characteristics of the KNDy system in the pig are
generally comparable to other species, with notable exceptions being a lack of detectable NK3R
expression in the ARC and resistance to inhibition of kisspeptin expression by a progestin.

Materials and Methods

Animals and Diets
Experiments were conducted in accordance with the Guide for the Care and Use of
Agricultural Animals in Agricultural Research and Teaching [272] and approved by the U.S.
Meat Animal Research Center. White, crossbred (Yorkshire x Landrace) postpubertal gilts were
used in two replicates. Replicate one (n=7) was performed in 2012 while Replicate two (n=12)
was performed in 2015. Gilts were housed individually in pens (1.5 m2) in a climate-controlled
facility with 12-hour light/dark cycles (Clay Center, NE). Animals for each replicate were
chosen randomly from a single farrowing group. Gilts were part of the normal replacement gilt
population but were culled because they had body confirmation issues (i.e. too short-bodied or
inadequate leg structure), but were otherwise healthy, normal pigs. Gilts were fed a fortified
corn-soybean meal diet (Table 1) twice daily (0800 and 1600h) that was formulated to meet
nutrient requirements [273] and had ad libitum access to water. The amount of feed was adjusted
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based on gilt weight to maintain a daily gain of 0.23 to 0.45 kg/d.
Table 1. Diet composition, % as fed.
Ingredient
Ground corn
Soybean meal, 44% CP

Composition
79.08
17.55

Soybean oil
Dicalcium phosphate
Ground limestone
Sodium chloride
Vitamin mix1
Trace mineral mix2
L-Lys
Thr
BMD3
Total

1.00
0.61
0.82
0.30
0.20
0.20
0.12
0.01
0.03
100.00

Calculated nutrient composition
ME, kcal/kg
3,388
CP, %
15.00
Calcium, %
0.55
Phosphorus, %
0.46
Digestible Lys, %
0.73
1
Vitamin A (retinyl acetate), 2,200,000 IU/kg; vitamin D3
(cholecalciferol), 440,000 IU/kg; vitamin E (DL-α-tocopheryl acetate),
17,600 IU/kg; vitamin K (menadione sodium bisulfate complex), 2,200
mg/kg; niacin, 22,000 mg/kg; D-pantothenic acid (D-caliumpanotothenate), 12,100 mg/kg; riboflavin, 4,400 mg/kg; and vitamin
B12, 22 mg/kg.
2
Ferrous sulfate heptahydrate, 35.05%; copper sulfate pentahydrate,
1.77%; manganese oxide, 9.62%; calcium iodate, 0.016%; sodium
selenite, 0.033%; and calcium carbonate, 50.91%.
3
Bacitracin methylene disalicylate.

Surgery and Treatments
All gilts were ovariectomized (OVX) via midventral laparotomy. Two to three weeks
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later, a portion (replicate one, n=4; replicate two, n=6) were treated with the progestin,
Altrenogest (OVXA), for 10 days. Altrenogest was topdressed in oil over feed at 0.85 mg/kg
body weight twice daily to sufficiently prevent estrus and ovulation in pigs. The second group of
gilts (replicate one, n=3; replicate two, n=6) were left untreated and served as OVX controls. In
replicate 1, jugular catheters were in place prior to OVX. In replicate 2, jugular catheters were
placed at the time of OVX. On day 9 of both replicates, serial blood samples were collected in SMonovette syringes containing silicate-coated beads (Sarstedt Inc., Newton NC, USA) at 12minute intervals for 6 hours. Serum was separated by centrifugation (2,500 x g, 20 min, 4oC) and
stored at -20oC until used for LH analysis.

Tissue Collection
All gilts were euthanized on the 10th day of the treatment with barbiturates according to
established guidelines for swine [274]. The head was removed and transported to a fume hood
for perfusion. The carotid arteries were cannulated with 16-ga blunt end needles and the head
was bilaterally perfused with 6 L of 4% paraformaldehyde (PAF) pumped at a rate of 1 L per 5
min (MasterFlex L/S pump). A block of tissue containing the hypothalamus and POA was
removed and placed in 500-700 mL of 4% PAF overnight at 4oC while subjected to agitation on
a rocking platform. The next day, PAF was replaced with 20% sucrose in PBS and tissue was
stored at 4oC until the blocks of tissue sank. A freezing microtome was used to cut tissue blocks
into 50 µm sections. Every 5th section was collected and vials were separated into either the
MBH or POA and stored in cryoprotectant at -20° C until use. Tissue was subjected to
immunohistochemistry to assess the distribution of, and effect of Altrenogest on, kisspeptin,
NKB, and NK3R as described below.
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Tissue Analysis
Kisspeptin
To assess the distribution of kisspeptin-containing cells within the ARC and to examine
the effect of Altrenogest on kisspeptin cell numbers, 3-4 tissue sections were collected from the
rostral, medial and caudal ARC of OVXA (n=4, replicate one; n=6, replicate two) or OVX (n=3,
replicate one; n=6, replicate two) gilts. Regions of the ARC were determined by the shape of the
infundibular stalk and location of the fornix and mammillothalamic tract. On day 1 of the
protocol, sections were washed 4x5 min in 0.1 M phosphate-buffered saline (PBS; pH 7.4) to
remove excess cryoprotectant and stored overnight at 4°C. The next day, sections were washed
4x5 min in PBS, placed in 1% H2O2 for 10 min, and subsequently washed 4x5 min in PBS.
Tissue was then incubated for at least 1 hr in a blocking solution containing PBS, 0.4% Triton X100 (PBST; Sigma-Aldrich, St. Louis, MO, USA) and 20% normal goat serum (NGS; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA). Sections were then incubated with
rabbit anti-kisspeptin serum (Cat# AB9754; 1:2,000; Millipore Sigma, Billerica, MA, USA) in
PBST with 4% NGS at room temperature for ~16 hr. After incubation, sections were washed
4x5 min in PBS and then incubated with biotinylated goat anti-rabbit IgG (Cat# BA-1000; 1:400;
Vector Laboratories, Burlingame, CA, USA) in PBST, with 4% NGS for 1 hr. The sections were
washed 4x5 min and incubated with streptavidin horseradish-peroxidase conjugate (Vectastain
Elite ABC; 1:600; Vector Laboratories) for 1 hr. Sections were then washed 4x5 min and
incubated in a solution containing 3,3-diaminobenzidine (DAB; 10 mg; Cat# D5905 SigmaAldrich) as a chromagen and 25 µl hydrogen peroxide (30% stock; Sigma-Aldrich) in 0.1 M
phosphate buffer (PB; pH 7.4) for 10 min. The sections were washed, mounted on Superfrost
microscope slides (Fisher Scientific, Pittsburgh, PA, USA), allowed to dry and cover slipped
using Eukitt Mounting Reagent (Fisher Scientific).
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We subsequently assessed whether Altrenogest reduced the activity of kisspeptin neurons
using c-Fos as an index of neuronal activation. Six hemi-sections of tissue were taken from OVX
(n=4) and OVXA (n=4) gilts from replicate two encompassing the rostral, middle and caudal
ARC (2 hemi-sections per area per animal). This tissue was stained using DAB as the chromogen
for cytoplasmic staining of kisspeptin and DAB conjugated to Nickel as the chromogen for
staining of c-Fos in the cell nucleus. On day 1, sections were washed 4x5 min in 0.1 M
phosphate-buffered saline (PBS; pH 7.4) and stored overnight at 4°C. The next day, sections
were washed 4x5 min in PBS, placed in 1% H2O2 for 10 min, and subsequently washed 4x5 min
in PBS. Tissue was then incubated for at least 1 hr in a blocking solution containing PBS, 0.4%
Triton X-100 (PBST; Sigma-Aldrich, St. Louis, MO, USA) and 20% normal goat serum. Next,
sections were incubated in a solution containing rabbit anti-c-Fos (1: 1,000; Cat # SC253; Santa
Cruz) for ~16 hr at room temperature. After incubation, sections were washed 4x5 min in PBS
and then incubated in a solution containing biotinylated goat anti-rabbit IgG (Cat# BA1000;1:400; Vector Laboratories, Burlingame, CA, USA), PBST, and 4% NGS for 1 hr. The
sections were washed 4x5 min and incubated in a solution containing streptavidin horseradishperoxidase conjugate (Vectastain Elite ABC; 1:600; Vector Laboratories) for 1 hr. Sections were
then washed and incubated in a solution containing DAB (10 mg; Cat# D5905 Sigma-Aldrich), 2
ml of Nickel Sulfate solution (2% stock in ddH2O) and 25 µl hydrogen peroxide (30% stock;
Sigma-Aldrich) in PB for 10 min. After 4x5 min PBS washes, the tissues were placed in 1%
H2O2 for 10 minutes and subsequently washed 4x5 mins in PBS. The tissues are blocked in 20%
NGS with PBST for 1 hr and incubated overnight at room temperature (~16 hr) with rabbit antikisspeptin antiserum (Cat# AB9754; 1:2,000; Millipore Sigma, Billerica, MA, USA) in PBST
and 4% NGS at room temperature. The remaining steps are identical to the procedure for staining
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kisspeptin using DAB as described above.
NKB
To assess NKB cell distribution, cell numbers and the effect of Altrenogest, a DAB
staining protocol similar to that employed for kisspeptin was used on OVX (n=3) and OVXA
(n=4) gilts from replicate one. In this protocol, the primary antibody was rabbit anti-NKB
(Novus Biologicals, Littleton, CO) and the required blocking solution used was 4% NGS instead
of the 20% NGS needed for kisspeptin staining. All incubation times and temperatures were the
same as previously stated.
Dual-label immunofluorescence was used to assess the degree to which kisspeptin and
NKB colocalize in the ARC of the OVX pig. Three ARC sections per OVX animal from
replicate one (n=3) were washed 4x5 min and placed in 10% H202 with PBS for 10 minutes.
Tissue was blocked in 20% NGS and PBST for 1 hr and then incubated with rabbit antikisspeptin (1:50,000; Lot# 564; Gift from Professor Alain Caraty, France) for ~16 hr at room
temperature. The following day, tissue was washed 4x5 min in PBS, incubated in biotinylated
goat anti-rabbit secondary antibody (Cat# BA-1000; 1:400; Vector Laboratories, Burlingame,
CA, USA) for 1 hr and then washed 4x5 min in PBS. Tissue was then placed in Vectastain Elite
ABC for 1 hr, washed, and then incubated in a solution of Biotinyl-Tyramide (1:250; Cat#
NEL700A; Perkin Elmer; Waltham, MA, USA) with 3% H202 (1µl H202/ml solution) for 10 min.
After washing, sections were developed with Alexa 555 conjugated to streptavidin (1:100, Fisher
Scientific) diluted in PBS for 30 min, washed in PBS and then incubated with guinea pig antiNKB (1: 1,000; Gift from Dr. Philippe Cioffi, INSERM, Bordeaux, FR) in NGS and PBST for
~16 hr at room temperature. Tissue was washed 4x5 min, incubated for 1 hr in anti-guinea pig
Alexa 488 (1:100; Life Technologies, Carlsbad, CA, USA) with NGS and PBST and washed
again before mounting and cover slipping with Gelvatol. Colocalization of NKB and kisspeptin
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was performed by Dr. Chrysanthi Fergani in the laboratory of Dr. Michael Lehman.
NK3R
To analyze the distribution of NK3R-containing cells, tissue was blocked with 4%
normal goat serum then incubated for 1 hr with rabbit anti-NK3R (1:20,000; Cat# 300-102;
Novus Biologicals, Littleton, CO, USA) as the primary antibody. The rest of the protocol was
identical to the DAB immunostaining described previously. The tissue sections were selected in
series spanning the entire POA and hypothalamus using OVX gilt tissue (n=3) from replicate
two.
Dual label immunofluorescence was used to ascertain whether GnRH neurons express
NK3R or are apposed by NK3R-containing close-contacts. Immunofluorescent staining for
NK3R was similar to that described above (rabbit anti-NK3R, 1:1,000; Novus Biologicals,
Littleton, CO, USA), but with the addition of dual incubation with mouse anti-GnRH antibody
(1:1,000; MyBioSource; San Diego, CA, USA) for ~16 hr at room temperature. The next day,
sections were washed 4x5 min in PBS and then incubated with anti-rabbit Alexa 555 (1:200; Life
Technologies, Carlsbad, CA, USA) in 4% NGS and PBST for 1 hr followed by 4x5 min washes.
The tissue was next incubated in goat anti-mouse DyLight Green (1:200, Fisher Scientific) and
4% NGS with PBST. All tissue sections were washed 4x5 min with PBS, mounted on slides to
dry and cover-slipped with Gelvatol. Slides were stored in the dark at 4°C. To determine
whether NK3R apposed GnRH neurons, NK3R-positive contacts were counted using 10 GnRH
neurons that were randomly chosen in 3 to 4 medial POA sections from OVX (n=3) and OVXA
(n=3) gilts of replicate two.
To assess the influence of Altrenogest on NK3R-positive cell numbers within the POA
and specific areas of the hypothalamus known to be important for reproduction, tissue from the
PVN, RCh, POA and ARC was selected from OVX (n=6) or OVXA (n=6) gilts of replicate two.
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Single-label immunofluorescence was used to assess NK3R-containing cell numbers. The
protocol was described above for NK3R DAB staining except the dilution of the rabbit antiNK3R (Cat# 300-102; Novus Biologicals, Littleton, CO, USA) was 1:1,000. After incubation,
sections were washed 4x5 min in PBS and then incubated with biotinylated goat anti-rabbit IgG
(Cat# BA-1000; 1:400; Vector Laboratories, Burlingame, CA, USA) in PBST and 4% NGS for 1
hr. The sections were washed, incubated for 1 hr with anti-rabbit DyLight green (Cat# 35503;
1:200; ThermoFisher Scientific) in PBS, and then covered with foil to avoid exposure to light.
After a final wash (4x5 min in PBS) tissue was mounted on Superfrost microscope slides (Fisher
Scientific, Pittsburgh, PA, USA), allowed to dry and cover-slipped with Gelvatol and stored in
the dark at 4° C.

Data Analysis
Luteinizing Hormone
Concentrations of LH in serum were determined in serial samples by a porcine-specific
RIA [77]. For the first replicate, a previously validated radio-immunoassay was used to measure
LH in duplicate aliquots of plasma and expressed in terms of AFP-10506A. Reagents were
provided by the National Hormone and Peptide Program (Torrance, CA, USA). Assays had a
minimal LH detectability of 0.08 ng/mL. Pools of porcine serum with LH concentrations of 0.2,
1.0 and 4.5 ng/mL had an average intra-assay CV of 8.9%. LH values for replicate two are
pending.
To determine the presence of a LH pulse in serum, three criteria had to be met. The
amplitude of the pulse had to be greater than the sensitivity; The peak had to occur within two
samples of the nadir; and the LH concentration at said peak had to exceed the 95% confidence
limits (based on overall assay variability) by being greater than two standard deviations above
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the concentration for the preceding and subsequent nadir (Goodman and Kasch, 1980). Mean
LH, LH pulse amplitude and inter-pulse intervals (IPI) were compared between OVX and
OVXA gilts using Student’s t-test. The number of pulses per group over the 4.6 hr time frame
was compared using the Mann-Whitney U test.
Immunocytochemistry
Immunopositive cells were imaged and counted using either an Olympus VS120 SlideScanning, Zeiss Upright Fluorescence or Zeiss Violet Confocal microscope. Kisspeptin and
NKB distribution, cell counts and the percentage of kisspeptin cells coexpressing c-Fos
immunostaining was visualized on an Olympus VS120 Slide Scanning microscope. Total
number of kisspeptin-immunopositive cells per animal and the effect of Altrenogest on cell
numbers were calculated from gilts of replicate one and two. Replicate one averaged three tissue
sections from each gilt in OVX (n=3) and OVXA (n=4) groups while replicate two averaged four
sections from OVX (n=6) and OVXA (n=6) animals. The total number of cells for each gilt was
counted in a manner that was blind to treatment using Olympus software (OlyVIA). The average
of the total cell counts per animal for each group was compared by Student’s t-test with p < 0.05
considered significant and 0.1 > p > 0.05 considered to be a trend. A one-way analysis of
variance was used to examine differences in kisspeptin cell numbers between the rostral, medial,
and caudal ARC of OVX (n=4) or OVXA (n=4) gilts from replicate two. The percentage of
kisspeptin neurons expressing c-Fos was assessed and analyzed by chi-square analysis.
Distribution of NK3R-containing cells was determined by staining a series of sections
from OVX gilts (n=3) from replicate two throughout the POA and hypothalamus. Images were
obtained using an Olympus VS120 Slide Scanning microscope. Total cell counts were obtained
per gilt for the DBB, POA, PeV, PVN, SON, RCh and ARC. The average cell counts for each
section were calculated using total cell counts from all three gilts within each area. Differences
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between areas were analyzed by ANOVA and Tukey HSD. Assessment of the effect of
Altrenogest on numbers of NK3R-containing cells in the POA, RCh, PVN and ARC were
obtained from images processed by an Olympus V120 Slide Scanning microscope. Cell counts
per section were performed for OVX (n=6) or OVXA (n=6) from replicate two within each of
the aforementioned brain areas. Total counts per animal in each area were averaged and
compared between OVX and OVXA gilts by Student’s t-test.
Identification of co-localization and close contacts between NK3R and GnRH neurons,
and assessment of the effects of Altrenogest on numbers of close contacts, was performed using
tissue from OVX (n=6) and OVXA (n=6) gilts of replicate two. To determine the percentage of
GnRH neurons that coexpressed NK3R, images were captured using an Upright LSM 510 Violet
Confocal (Zeiss) microscope with a Plan Apochromat x 63/1.4 oil objective. For assessment of
close contacts, confocal Z-stacks of 1 µm intervals were taken from 9 to 10 GnRH neurons
randomly selected from 3 to 4 medial POA sections for OVX (n=4) and OVXA (n=4) animals of
replicate two. Each contact was analyzed using Zeiss Zen software. Orthogonal views were used
to confirm that contacts were touching in all planes. The average number of contacts per GnRH
neuron was calculated for each animal and analyzed by Student’s t-test. A chi-square analysis
compared the percentage of GnRH neurons in each group that expressed these contacts.

Results
LH Data
The oral administration of the progestin, Altrenogest, had an inhibitory effect on mean
circulating concentrations of LH (Figure 1A; 0.70 ± 0.23 ng/mL vs. 1.58 ± 0.21 ng/mL) as well
as the number of LH pulses per 4.6 hours (Figure 1D; 2.25 ± 0.29 vs. 5.33 ± 1.20 for OVXA and
OVX gilts, respectively). The inter-pulse interval (IPI) and amplitude of LH pulses did not differ
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between treatments (Figure 1B and 1C). Representative LH profiles for an OVX and an OVXA
gilt are shown in Figure 2.

Figure 1: Mean (±SEM) concentrations of LH (A), LH inter-pulse interval (B), LH
pulse amplitude (C), and LH pulse frequency (D) for OVX (blue bars) and OVXA
(yellow bars) gilts. Asterisk indicates significance between groups (p < 0.05).
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Figure 2: Representative LH profiles for an OVX (top) and OVXA gilt (bottom).
Asterisks indicate LH pulses.
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Kisspeptin
Kisspeptin was observed in the ARC of both OVX and OVXA gilts. Kisspeptin cells
were largely localized to the dorsal portion of the ARC (Figure 3). Kisspeptin cell numbers
within regions of the ARC are shown in Figure 4. When all gilts were considered regardless of
treatment, there was a greater number of kisspeptin cells in the rostral (173 ± 59.76) or middle
region (224 ± 34.9) than the caudal (30 ± 8.40) region of the ARC (p < 0.05). With regard to an
effect of Altrenogest, an increase in kisspeptin cell numbers for OVXA versus OVX gilts was
found in the middle region (281 ± 40.18 vs. 167 ± 39.97; p = 0.038) whereas the number of
kisspeptin cells in the rostral and caudal ARC did not differ with treatment.

Figure 3: Representative photomicrograph of kisspeptin staining within the porcine ARC.
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Figure 4: Mean (±SEM) numbers of kisspeptin-positive cells in the rostral, middle
and caudal ARC of OVX and OVXA gilts. Different letters indicate differences
between regions of ARC (p < 0.05). Asterisk indicates differences between OVXA
and OVX groups (p < 0.05).

Kisspeptin cell numbers in the first replicate (Figure 5A) tended (p = 0.09) to be higher in
the OVXA gilts versus OVX gilts. The second replicate (Figure 5B) produced similar results
with a similar trend (p = 0.09) for kisspeptin cell numbers to be higher in the OVXA gilts.
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#

Figure 5: Mean (± SEM) kisspeptin cell numbers within the ARC of OVX and OVXA
gilts from replicate one (A) and replicate two (B). Number symbol indicates a trend (p
= 0.09).

The presence of c-Fos was observed in kisspeptin cells (Figure 6). The percentage
of kisspeptin cells stained with c-Fos tended (p = 0.08) to be greater in OVX than OVXA
gilts (10.5 ± 2.7% vs. 5.6 ± 3.0 %) (Table 2).
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Figure 6: A 20x photomicrograph of ARC kisspeptin cells with nuclear
DAB/Nickel staining for c-Fos as an index of neuronal activation. White
arrow heads point to kisspeptin cells that are positive for c-Fos staining;
Black arrows point to kisspeptin cells lacking c-Fos staining.
Table 2: Mean (± SEM) numbers and proportion of kisspeptin cells within the arcuate nucleus
(ARC) expressing nuclear c-Fos staining, an indicator of neuronal activation, in ovariectomized
(OVX) gilts and OVX gilts treated with the progestin, Altrenogest, (OVXA).

Area

Group

No. of Kiss Cells No. of Kiss Cells with c-Fos

% Kiss/c-Fos cells

OVX

338 ± 36.7

36 ± 5.9

10.5 ± 2.7*

29 ± 15.8

5.6 ± 3.0

ARC
OVXA 515 ± 92.2
* p = 0.08

NKB
The number of NKB cells were quantified for the first replicate (Figure 7). The number
of NKB-positive cells in the ARC did not differ with treatment.
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Figure 7: Mean (± SEM) NKB cell numbers in the ARC of OVX and OVXA
gilts. Cell numbers were not statistically different.

Tissue from 3 gilts was used to determine if kisspeptin and NKB are coexpressed in the
ARC. Dual immunofluorescence for kisspeptin and NKB (Figure 8) showed a high percentage of
co-localization between the two populations of peptides, with virtually all (99-100%) kisspeptin
neurons co-expressing NKB and 92% of NKB neurons coexpressing kisspeptin.

Figure
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Dual
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immunofluorescence (viewed at 60x) for two neurons in the ARC expressing
kisspeptin (red, left panel) and NKB (green, middle panel). The merged image in the
right panel clearly demonstrates colocalization of the two peptides.

NK3R
NK3R-containing cells were distributed throughout the POA and hypothalamus. Cells
were distinguishable via their cytoplasmic staining in all areas except for the ARC. The average
number of NK3R cells ranged from 150-900 cells in the DBB, POA, SON, PeV, PVN, and RCh
with numbers being highest in the DBB and PVN (Figure 9). No cells or fibers were evident
within the ARC.

Figure 9: Mean (± SEM) NK3R-immunopositive cell numbers throughout the
POA and hypothalamus in OVX gilts (n = 3). Different letters indicate
significance between regions (p < 0.05).
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We examined 10 GnRH neurons in each of 4 OVX and 4 OVXA gilts from replicate two.
In no case did we see a GnRH neuron that coexpressed NK3R, even though NK3Rimmunopositive neurons were clearly evident in close proximity to GnRH neurons (Figure 10).
We found that 41% of GnRH neurons were contacted by NK3R-positive appositions, albeit the
average number of NK3R-positive close-contacts associated with each GnRH-positive neuron
was low (1.0 ± 0.3; Figure 11).

Figure 10: Lack of NK3R coexpression with GnRH neurons. A representative
photomicrograph of GnRH (green) and NK3R-containing (red) neurons using
dual-label immunofluorescence in the POA of the pig hypothalamus (63x).
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Figure 11: Top) A photomicrograph (63x) of NK3R immunopositive contacts (red,
middle

panel)

on

GnRH

neurons

(green,

left

panel)

using

dual-label

immunofluorescence in the POA. In the merged image (right panel), white arrow
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heads point to close contacts. Bottom) The proportion of GnRH neurons in the POA
closely apposed by NK3R-containing contacts. There was no difference between
treatment groups.

The effect of Altrenogest on the number of cell containing NK3R was quantified for
replicate two within the POA, PVN, RCh, and ARC (Figure 12). NK3R-containing cells were
observed within the POA, PVN and RCh in both OVX and OVXA gilts, but the number of cells
in these hypothalamic areas did not differ with Altrenogest treatment. NK3R-positive cells were
not observed in the ARC nor did treatment with Altrenogest produce any detectable NK3R
staining (Figure 13).

Figure 12: Effect of Altrenogest on mean (±SEM) NK3R-containing cell numbers in
the PVN, RCh and POA. There was no significant difference in cell numbers between
OVX or OVXA gilts for any area.
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Figure 13: Photomicrographs (20x; right) and schematic drawings (left) of coronal slices
through porcine POA and hypothalamus from OVX gilts representing the distribution of
NK3R-containing neurons (solid circles). Note the lack of detectable staining within the
ARC. ac, anterior commissure; ARC, arcuate nucleus; DBB, diagonal band of Broca; fx,
fornix; mt, mammillothalamic tract; oc, optic chiasm; ot, optic tract; PVN, paraventricular
nucleus; RCh, retrochiasmatic area; SON, supraoptic nucleus.

Discussion
Pork is the most consumed meat worldwide and the pork industry is rapidly growing in
developing countries [37]. This growth is due to the fact that swine breeds are adaptable to many
climates and can be used as a major food source in different environments [275]. The efficiency
of a breeding herd is directly correlated to the number of litters and litter size produced by the
sow each year [45]. Thus, timely achievement of puberty and appropriate estrous expression in
gilts is a major factor affecting sow productivity and overall pork production. In addition to their
importance to agriculture, pigs are very similar to humans anatomically and physiologically and
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have been used as biological model for studying a myriad of diseases and processes for decades
[276].
This work focused on the role of KNDy neurons in regulating reproduction in the pig.
The KNDy system has been relatively well-studied in several species, including sheep [19,271],
primates [23], heifers [34] and rodents [31]. However, information in the pig has been
exceedingly sparse, despite the abovementioned economic importance of this species to
agriculture. Basic neuroanatomical characterization of the KNDy system has not been
performed, and the influence of ovarian steroids, such as progesterone, on these neurons in the
pig has yet to be examined. Herein we describe that kisspeptin and NKB are coexpressed within
the ARC of the postpubertal gilt and expression of either is not suppressed by treatment with the
progestin, Altrenogest. Despite the failure of Altrenogest to reduce kisspeptin-immunopositive
cell numbers, the activity of kisspeptin neurons tended to be decreased in OVXA gilts. We
further describe a distribution of NK3R that is similar to other species, with the important
exception that no neurons immunopositive for NK3R were found within the ARC. Similar to
kisspeptin and NKB, NK3R populations in the POA and various hypothalamic areas examined
were not suppressed by the presence of Altrenogest. Comparable to other species, GnRH
neurons did not express NK3R, although 41% of GnRH neurons expressed at least one NK3Rpositive contact. In general, the KNDy system in pigs is largely similar to that described in most
other species. This raises the likely possibility that KNDy neurons play an integral role in
regulating reproduction in swine.
Both kisspeptin and NKB were expressed in the ARC of postpubertal gilts. While this is
not surprising, the distribution of kisspeptin differed somewhat from what we have previously
observed in sheep [26]. In the pig, kisspeptin-containing neurons were located more in the
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medial to dorsal portion of the ARC and were not normally found in the more ventral region of
the nucleus or toward the stalk ME. Nonetheless, as has been described for other species
[17,19,31,271], kisspeptin and NKB were highly coexpressed. It remains to be determined
whether these neurons also coexpress the third peptide of the KNDy triad, dynorphin. Our
attempts to uncover dynorphin immunopositive cells in the ARC of these same gilts to date have
not been successful, although staining is evident in other areas such as the SON and PVN (data
not shown). This may not be too surprising as we also failed to find dynorphin staining in the
ARC of young (i.e. prepubertal) female sheep [86]. There are several potential explanations for
this lack of dynorphin immunoreactivity, but it is possible that immunocytochemistry may not be
the ideal technique to detect very low levels of protein expression. A different approach, such as
in situ hybridization or RNAScope, may be necessary to definitively answer the question of
whether kisspeptin and NKB neurons of the porcine ARC are truly KNDy neurons.
Ovarian steroids exert both positive (estrogen) and negative (estrogen and progesterone)
feedback to regulate GnRH release through actions at the level of the hypothalamus and the
response to GnRH at the anterior pituitary. Secretion of GnRH and LH are suppressed when
OVX animals are treated with estrogen [8,18,35,117,277] and this suppression is associated with
decreased expression of kisspeptin and NKB mRNA and peptide concentrations within the ARC
[26,82,277]. Although the influence of estrogen on expression of kisspeptin and NKB has been
well-documented, the influence of progesterone has received relatively little attention.
Progesterone disrupts gonadotropin secretion by inhibiting the frequency of pulsatile GnRH
release, but does not do so directly as GnRH neurons do not express progesterone receptor (PR)
[278]. Therefore, upstream neuronal networks that express PR must mediate the influence of
progesterone on GnRH secretion. Most KNDy neurons (>95%) in the ARC of sheep co-express
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PR [271] and may, therefore, mediate progesterone’s inhibition of GnRH secretion. In primates,
progesterone has been shown to decrease kisspeptin mRNA expression in the MBH [279].
Although there was an inhibitory influence of luteal phase progesterone concentrations on
kisspeptin mRNA levels in that study [279], there was no significant effect on mean LH and
frequency of LH pulses was not assessed. Similarly, without the presence of or priming with
estrogen, progesterone has been shown to have no effect on LH secretion in rats [280] and
insignificant negative feedback on LH and GnRH secretion in ewes [281]. Expression of kiss-1
mRNA in OVX sheep treated with progesterone was only partially restored to levels observed in
gonad-intact animals [282] and progesterone was not as effective as estrogen. In the current
study, a progestin, Altrenogest, was used to examine the potential effect of progesterone on
expression of kisspeptin in the hypothalamus of the gilt. It was found that Altrenogest did not
suppress the number of kisspeptin nor NKB immunopositive cells in the ARC of postpubertal
gilts. Indeed, there was a tendency for a statistically significant increase (kisspeptin) or
numerical increase (NKB) in cell numbers. This was surprising because Altrenogest clearly
inhibited LH pulse frequency in these pigs and progesterone is a known inhibitor of LH secretion
in the gilt [283].
One possible explanation for the finding of increased kisspeptin or NKB cell numbers
after Altrenogest treatment is that progesterone inhibited kisspeptin protein release more
preferentially than synthesis; therefore, causing denser staining due to higher concentrations of
kisspeptin within the cells and allowing for the detection of more cells. To address this
possibility, c-Fos expression in kisspeptin cells was quantified. Consistent with a greater effect
on secretion than synthesis, a trend for a decreased percentage of kisspeptin cells expressing cFos in the ARC of Altrenogest-treated gilts was observed. Reduced expression of c-Fos is
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indicative of reduced activation of kisspeptin neurons in OVXA gilts. However, it should be
noted that similar numbers of Fos-positive cells were observed in both treatment groups while
the total numbers of kisspeptin cells differed between them. Because kisspeptin cell numbers
tended to be greater in the Altrenogest treated gilts, the decreased percentage of activation in that
group could simply be a by-product of those increased kisspeptin cell numbers. Another
possibility, which is not mutually exclusive, is that Altrenogest may act to indirectly alter
secretion of kisspeptin. Evidence suggests that the endogenous opioid peptide, dynorphin,
mediates progesterone negative feedback in ewes [266,267] and mice [31]. Since dynorphin and
kisspeptin are coexpressed in KNDy neurons throughout the ARC in other species, stimulation of
dynorphin release could inhibit kisspeptin secretion from these neurons and suppress LH
secretion [202]. However, a previous study using gilts OVX before puberty indicated that
progesterone’s negative feedback on LH may not be mediated by endogenous opioid peptides
but is more correlated with brain maturation [284]. Therefore, the presence of a progestin such as
Altrenogest may not act through systems other than the KNDy population. An additional factor
to consider is the endocrine status of the experimental gilts. Although they were ovariectomized
to isolate the potential actions of progesterone, normal physiology of this system involves the
interactions of both estrogen and progesterone. Hypothalamic expression of PR is frequently
regulated by estrogen through estrogen response elements within the progesterone receptor gene
[285–287]. Estrogen action is required to stimulate progesterone receptor RNA synthesis, protein
production and responsiveness to progesterone [288]. An estrogen priming period is necessary
for sustained progesterone action in OVX sheep or progesterone negative feedback will be
absent [289]. Therefore, the lack of estrogen in OVX gilts could preclude a significant effect of
progesterone on kisspeptin and other cell populations analyzed in this study. Whether there may
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be a species-specific difference in the influence of estrogen on PR expression in swine versus
other species such as sheep [282] or primates [279] is not known.
Distribution of NK3R throughout the POA and hypothalamus was relatively similar to
that previously described for other species [22,23,231,233,238,239]. Regarding areas that are
important for reproduction, expression was prevalent in the POA and PVN with a smaller
population in the RCh. Previous work in adult sheep showed that administration of the NK3R
agonist, senktide, into the POA or RCh results in a robust increase in LH secretion [106,246].
We found no evidence that GnRH neurons within the POA expressed NK3R. This finding is
consistent with previous work in ewes [243,244], and rats [22]. In the gilts of our study, we
found that 41% of POA GnRH neurons were apposed by NK3R-positive varicosities, which is
similar to a recent study in ewes that showed >70% of GnRH cells in the POA exhibit
presynaptic close contacts with fibers containing NK3R [243]. This indicates that NKB may act
presynaptically in close vicinity to GnRH neurons of the pig to alter their activity.
The lack of NK3R expression in GnRH neurons suggests that in the pig, much like other
species, NKB likely does not influence GnRH secretion directly. Instead, it has been suggested
that NKB acts on KNDy neurons in a reciprocal fashion within the ARC to stimulate kisspeptin
release and thus initiate an LH pulse [22]. This, of course, is predicated on NK3R expression in
KNDy neurons of the ARC. Up to 60% of KNDy neurons and NKB-containing cells in the ARC
contain NK3R in sheep and rodents [22,31,244]. NKB is a potent stimulator of GnRH secretion
in sheep [25], goats [17], monkeys [23] and rats in the presence of physiological levels of E2
[22]. Our previous work showed that microimplantation of senktide within the ARC elicits LH
secretion in adult ewes [246]. However, in the current study, we did not find NK3R
immunoreactivity in the ARC of gilts. This was surprising, but it was consistently absent even
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when we employed approaches such as antigen retrieval or tyramide amplification. NK3Rcontaining cells were easily identified in other areas of the hypothalamus in tissue sections run
concurrently with ARC sections, so we do not believe it to be an issue with the technique. We
have recently observed in preliminary work with prepubertal sheep that NK3R immunoreactivity
is much more punctate and sparse in the ARC than other regions of the hypothalamus, making
cells difficult to identify. However, even this type of staining was absent in gilts. Further work
will be necessary, perhaps using other approaches such as in situ hybridization, to determine if
NK3R is in fact not expressed in the ARC of the pig.
This is the first study to analyze the effect of progesterone alone on NK3R expression.
Altrenogest did not alter NK3R cell counts in the PVN, RCh or POA. Work to date clearly
shows that NKB expression is sensitive to steroid negative feedback [243]. NKB gene expression
[233] or protein expression [26] increases after ovariectomy and NKB, along with its receptor,
decreases during the significant increase in estradiol that occurs during the LH surge [22].
Again, this experiment studied the effect of progesterone alone. It may be that estrogen is
required for progesterone to fully influence NK3R expression as previously stated in the cases of
kisspeptin and NKB. Alternatively, changes in receptor expression may not be as important in
mediating progesterone feedback as the decreased release of NKB and kisspeptin. These data
regarding the trend for decreased activation of kisspeptin neurons in the presence of Altrenogest
would support such a supposition.
In summary, the neuroanatomy of kisspeptin, NKB and NK3R protein expression in pigs
was largely similar to what has been reported for other species. Kisspeptin and NKB co-localized
at high percentages in the ARC and NK3R-expressing neurons were found in the POA and
throughout the hypothalamus. Also, as has been shown in other species, NK3R did not co-
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localize with GnRH neurons in the POA, but a subpopulation of GnRH neurons was contacted
by NK3R-containing varicosities. Compared to previous research in other species, the main
differences observed in this study lie with the lack of NK3R in the ARC and a failure of
Altrenogest to affect kisspeptin cell numbers despite a reduction in LH pulse frequency.
However, Altrenogest tended to reduce the activation of kisspeptin neurons, potentially
providing a mechanism underlying the observed reduction in LH pulse frequency. It is
suggested that these data support the idea that the KNDy system is largely comparable between
swine and other species and likely plays an integral role in regulating reproduction in pigs.
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